Abstract-Radon ( 222 Rn) and thoron ( 220 Rn) progeny (primarily bismuth and polonium) are known interferents when rapid evaluation of transuranic content on air filters is of interest. These complexities stem from the overlapping energies of the progeny alpha particles onto the transuranic region of interest (3-5.5 MeV) where naturally-occurring alpha emitters can overwhelm the spectra. Due to the immediacy of the alpha counting methods employed, coupled with the half-life of thoron progeny dominated by 212 Pb (t 1/2 =10.6 h), a conservative transuranic activity estimate with rigorous uncertainty is being sought. A successful transuranic activity estimation method will incorporate any thoron progeny present on the filter providing 95% confidence decision levels in which a filter may be evaluated for emergency response applications. Twenty-three pairs of samples of various duration having no transuranic content were taken over a 2-mo period. The resulting filters were counted in a time series before nonlinear least squares decay curve fitting was applied to the decay profile. For the samples considered, a transuranic activity estimator decision level was determined at 0.2 Bq for the given geographic location and months analyzed. Validation of this method for other seasonal and geographic regions could provide enhanced emergency response capability when the presence of transuranic activity is suspected. Health Phys. 114(3): 319-327; 2018 
INTRODUCTION
RADON AND thoron are ubiquitous in the atmosphere, arising from native soil and most building materials. They, along with their progeny from the 238 U and 232 Th decay chains, respectively, are well known to interfere with airborne radioactivity measurements. In radiological emergency response scenarios, portable air samplers are rapidly deployed in an effort to determine airborne radioactivity concentrations. Anthropogenic alpha emitters have a higher risk per activity than beta emitters and are of particular interest at air concentrations comparable to that of natural radon progeny; the anthropogenic alpha emitters of interest generally have very long half-lives.
This work reports preliminary efforts toward discrimination of transuranic activity from natural radon progeny contributions on air filters by generating a strictly conservative estimate of the transuranic (TRU) activity. Filters operating prior to a release generally have considerable natural radon progeny buildup, which complicates initial measurement and quantification of TRU activity. Generally, air sampler data cannot provide contamination estimates before a counting delay for natural radon progeny contributions diminish (Hayes 2004 (Hayes , 2008 Hayes and Chiou 2004) or intensive radiochemistry techniques for separation of natural radon progeny and anthropogenic contributions (Chen et al. 1994; Farmer et al. 2003; Mohagheghi et al. 1998) .
Several techniques for discriminating TRU from natural radon progeny have been described elsewhere. Decay curve fitting (Konzen and Brey 2012; Hayes and Chiou 2004) , beta:alpha activity ratios (Chen et al. 1994) , and various alpha spectroscopy methods (Pollanen and Siiskonen 2006; Mohagheghi et al. 1998; Hayes et al. 2005 ) have been employed through measurement and Monte Carlo simulations in efforts to rapidly analyze air filters and smears. Current radiochemical methods do not provide the rapid (hours rather than days or weeks) assay information crucial to post-incident emergency response needs. Previous work has indicated that continuous air monitoring identifies TRU presence more rapidly when the activity is considerably above the detection limit; however, separate sampling and counting in a vacuum chamber are more sensitive near the activity detection limits (Pollanen and Siiskonen 2006) . Additionally, separate sampling and counting is noted to provide "rapid ad hoc measurements allowing flexible, practical and economical sampling to be performed over wide areas" in emergency response scenarios when "outdoor air sampling and alpha particle counting should be performed as rapidly as possible" (Pollanen and Siiskonen 2006; Hayes 2008) . This work seeks to evaluate high quality decay curve fitting for the variation in the background activity as a function of time, which will allow for non-progeny peaks to be readily identified.
In regard to progeny contribution in the primary region of interest (3-5. Pu. The progeny of radon, along with their respective half-lives and decay energies, are given in Fig. 1a; Fig. 1b displays the thoron progeny including their respective half-lives and decay energies. Due to the short half-life of 218 Po (3.1 min), the filter will readily reach a saturation activity given a constant radon concentration over a nominal period of time. For longer sampling durations, the thoron progeny buildup on the filter is expected to contribute to an increased background.
This thoron component decays orders of magnitude more slowly than the short-lived radon progeny. Because the thoron ( 220 Rn) has such a short half-life, it does not get transported by wind or convection currents as does radon, and so thoron generally remains at more constant levels when compared to radon.
If radon concentrations were constant in given geographical regions, prediction and correction methods would be greatly simplified; however, meteorological conditions contribute significantly to its variation. Wind speed, temperature, barometric pressure, and humidity are common key parameters that produce diurnal and seasonal variations (NCRP 1998) in radon and thoron levels, which are noted to be periodic over time (Seftelis et al. 2007 ). Although radon concentrations display periodicity both diurnally and seasonally, the actual levels for the same time and location on different days may vary significantly. Thoron levels in the environment are typically about onetenth that of radon concentrations due to the parent short half-life limiting the amount that can migrate out of the rock and through the soil (UNSCEAR 1982) .
Timing intervals of the sampling duration can significantly influence the radon progeny activity measurements; the build-up of total radon progeny activity increases asymptotically to a constant given a steady-state set of meteorological conditions in approximately 1.5 h. However, when the meteorological conditions fluctuate, the radon concentration may be either increasing or decreasing at the end of the air sampling experiment. As an example, in the case where the radon parent concentration is still increasing, the decay through its progeny will result in them also increasing in a disequilibria condition. This resulting concentration and activity measurement of the radon progeny will asymptotically approach that of the radon parent (whether increasing or decreasing) during the sampling interval. From the standard decay equations, progeny activity ingrowth and decay will follow a fixed evolution at the end of the sampling period based on their initial values. The purpose of this paper is to present a rapid method for conservative transuranic activity estimation along with discussion of some relevant emergency response and nonproliferation implications. For instance, the method could influence strategic, tactical and cost-effective solutions regarding where to allocate limited alpha spectroscopic resources to samples of interest. Clearly, a gross alpha determination provides less information compared to alpha spectroscopy but would allow for optimally allocated resources through gross screening in a graded approach.
MATERIALS AND METHODS
Forty-six new sample filters were studied for gross alpha counting from 23 paired experiments of varied sampling duration between 2 December 2016 and 23 January 2017 outside Research Building II at North Carolina State University. The location was optimal for minimal transit between sampling and counting locations while providing external AC power. The filters were 47 mm circular discs (FP47M glass fiber from F&J Specialty Products, Inc., Ocala, FL, USA) used in pairs with two F&J emergency response portable air samplers, models DF-AB-40L and DF-AB-75L (F&J Specialty Products, Inc.), approximately 0.5 m apart, with identical settings, to provide dual air filters. The air samplers, Fig. 2 , were operated with nominal flow rates of 29 ± 1.6 LPM across all sampling experiments. Note that the air sampling units used in the study do have different maximum sampling flowrate capacities, but the performance of the two units was identical at the chosen operating flow conditions of the study.
The air sampling experiment durations are shown in Fig. 3 . A clear cluster of sampling is apparent during business hours, while only two overnight samples were considered in this study. Following termination of air flow, the paired filters were counted on alternating 5-min cycles (with a 1-min delay to change filters) for approximately 2 h on a Bladewerx SabreISC, Integrated Sample Counter (Bladewerx LLC, Rio Rancho, NM, USA). The SabreISC uses a 50.5-mm-diameter ion-implanted silicon detector (2,000 mm 2 active area). The first sample counted of each pair (from DF-AB-40L) incurred a 90-s delay, during which the counting instrumentation was initialized. As such, the second filter of the pair (from DF-AB-75L) began a 5-min count at 7.5 min after termination of air flow. The SabreISC software allows "snapshots" to be recorded each second over the count time, displaying alpha peak fitting algorithm values for 212 Po, 214 Po, and 214 Bi in counts per second (cps). For each 5-min count, an average count rate was determined and appropriately weighted in the time interval.
Initial parametrized values for the decay of activity on the filter were determined from a simplified 3-parameter model, eqn (1), with time-averaged values assumed to be at the center of the interval. A representative decay curve with the parametrized fit values is shown in Fig. 4 from the DF-AB-40L sampler for the second sample pair:
Determination of the appropriately weighted time values for use in eqn (1) in each given 5-min count used the first moment of the exponential functional fit to the data given by eqn (2): 
For each filter, a unique value for the decay constant, m 2 , was used in eqn (2) as determined from the 3-parameter fit described by eqn (1). The 3-parameter fit model was applied to 10 data points for each filter analyzed spanning the 2-h counting period. After one iteration between the 3-parameter decay fit and the weighted time intervals, m 2 converged and the weighted time value was determined, shifted left of the center of the interval, as expected.
In eqn (1), m 1 represents the amplitude of the initial radon progeny activity, m 2 represents the decay constant uniquely determined for each filter, and the m 3 parameter models the long-lived constant activity value following the radon progeny decay. The m 3 parameter is then the TRU activity estimate biased high from the thoron content.
The curve-fitting technique used the LevenbergMarquardt (LM) algorithm as given in the graphing software package KaleidaGraph 4.5, which implements a manipulation of the steepest descent and Gauss-Newton linearization methods (Hayes et al. 1998) . As a consequence of employing the LM algorithm, the optimum fit parameters with associated error are determined by minimizing ChiSquared through performing a non-linear least squares search for the global minima.
RESULTS
Preliminary results indicate that a conservative estimate (upper 95% confidence level) for the TRU content on a clean filter would be 0.2 Bq. These samples were expected to contain no TRU content, and the positive bias above 0 Bq is based on the thoron progeny effective half-life being significantly longer than the 2-h counting interval. The effective half-life for the radon progeny decay on each filter agreed well with literature values of approximately 30 min (NCRP 1998) . The distribution of the TRU activity estimators with associated errors estimated by the LM non-linear least squares fit was modeled by the superposition of three Gaussians, each attributed to a crucial component of the variability in the estimator.
Distribution of the m 3 parameter
Investigation of the 3-parameter model in eqn (1) across 46 unique filters allows for various statistical analysis. The m 1 parameter is given minimal focus in the context of this analysis but is expected to follow the diurnal trends corresponding with the sampled air duration end times, assuming the radon progeny activity has saturated on each filter over the air sampling times considered. The m 2 parameter provides insight to the rate at which short-lived isotopes (radon progeny) are decaying on a measured filter. Over the 46 filters measured, the mean value for the decay constant (m 2 ) was 0.0201 ± 0.0058 min −1 or an effective average half-life of 34.5 ± 10 min. The distribution of the m 2 parameter across the 46 filters was approximately normal, with three significant right-tailed outliers.
The m 3 parameter is of primary interest for this work in an effort to determine a conservative TRU estimator from "clean" air samples. Were the long-lived contributors to be strictly transuranics, the fit parameter, m 3 , would be expected to have a mean of 0 Bq. However, it is imperative to this study to consider the effect of thoron and its associated progeny, which follow an effective half-life of approximately 10.6 h. Noting the counting time (2 h) for a given filter, it is expected that a majority of the thoron component, if present on the filter, will be modeled as a long-lived TRU contributor. This contribution from the thoron progeny activity will be included into the estimator, positively biasing the fit parameter value above the expected 0 Bq. The statistical average (mean) and the median of the m 3 parameter allow negative values and are given in Table 1 . Fig. 5 presents the distribution of the long-lived TRU constant value from the 3-parameter fit. The two instances that show significant left skew are associated with large errors in the LM algorithm. As the means are determined with an associated error in each parameter in the fit, a histogram may not appropriately give the data distribution. Here, a value that falls in a given bin, based on its uncertainty, could reasonably fall in one or more bins above or below its mean assignment.
As a consequence of the LM algorithm, a kernel density estimator (KDE) can be formed using the data weighted by its associated error (Hayes 2016) . In this scenario, each individual fit parameter is assumed to have normally distributed errors as determined by the LM algorithm. Treating each m 3 fit value as a standard normal distribution with m 3 mean, unit area, and the standard deviation as the LM fit uncertainty estimator allows a probability density function to be formed. Implementation by eqn (3) produces a continuous distribution as a superposition of the individual fit results (Hayes 2016) :
In eqn (3), the unique m and s are the respective m 3 parameter fit and error values for each sample filter as determined from the LM algorithm and eqn (1). The KDE data in Fig. 6a represents the same mean values as Fig. 5 . The KDE approach, however, incorporates the individual parameter uncertainties determined by the LM algorithm. As such, the significance of the two left-skewed outliers is appropriately weighted and seen to have negligible contribution to the continuous KDE. From the KDE, the most likely value for the m 3 parameter is determined to be 0.04 Bq.
Deconvolution of the TRU content KDE estimator
The shape of the KDE in Fig. 6a gives credence to the fit being a superposition of Gaussian curves. A LM nonlinear least squares fit was performed to deconvolve the KDE into three Gaussian curves given by nine parameters. Note eqn (4) gives the respective amplitudes (c 1 , c 4 , c 7 ), centers (c 2 , c 5 , c 8 ), and spreads (c 3 , c 6 , c 9 ) for each Gaussian deconvolution of the KDE. Note that the spread parameters are not equal to the standard deviation, but rather the standard deviation is equal to the spread parameter divided by the square root of two: 
The fit of three Gaussian curves to the KDE is also displayed in Fig. 6a , along with the associated residuals. Note the high degree of agreement between the modeled superposition of three Gaussian curves to the KDE representing the TRU long-lived constant parameter. If additional components are present, they are not considered further. The three Gaussian components deconvolved from the KDE are theorized to represent the variability in the activity associated in the long-lived estimate from the thoron contribution, radon contribution and instrumental errors, respectively, as shown in Fig. 6b . The associated amplitude, center and standard deviation for each Gaussian curve are given in Table 2 .
Comparison of the parameters that define each Gaussian in Fig. 6b is of interest to properly determine the attribution of the three contributing factors; for ease of discussion, at present, these curves will be referred to as 1, 2, and 3, as indicated in Fig. 6b . Regarding the centers of each curve, curve 1 is centered above curve 2 (c 2 > c 5 ). Curve 3 is centered below 0 Bq; however, this value is consistent within the potential calibration bias of the instrumentation. The resulting standard deviations of the three Gaussian curves reveal the most dramatic differences; it is readily apparent that curve 1 has the smallest standard deviation, followed by curve 2 and then curve 3 with the broadest distribution (c 3 > c 6 > c 9 ). Lastly, and also readily apparent, are the differences in the amplitudes of the curves in Fig. 6b . The amplitude of curve 2 is seen in an approximately 5:3 ratio with curve 1; both curve 1 and curve 2 have more dominant amplitudes compared to curve 3 (c 4 > c 1 > c 7 ). The numerical results of these parameters are given in Table 2 .
From the LM fit of three Gaussian curves to the data recorded in the KDE, a closed functional form (eqn 4) estimating the KDE is obtained. To determine the 95th percentile of the data, eqn (5) was implemented, solving for the decision level (L C ) to estimate a conservative m 3 parameter such that over the long run, 95% of clean filters would fall below this decision level. It is important to reiterate the results can only be definitively applied to the geographic location for the times (both interval and end times) sampled; other locations and sampling times are subject to variations in typical radon concentrations which are not addressed here: 
DISCUSSION
It is assumed that these results adequately represent the variation present in outdoor NORM contributions for the months of December and January in Raleigh, NC. Further application of the results might be limited to geographic regions and seasons with similar aspects to the experimental location and time. Although only gross alpha was considered here, gross beta can reasonably be expected to similarly behave for anthropogenic assay.
The effective decay constant of radon progeny is estimated for each individual filter by the m 2 parameter. Dividing the natural log of two by the m 2 value for a given filter, the effective half-life, in minutes, for the filter can be determined. As commonly accepted from NCRP (1988), the approximate effective half-life for radon progeny is 30 min; the mean half-life of the data set corresponds well at 34.5 ± 10 min. If the m 2 parameter predicts a filter halflife under 30 min, then the m 3 parameter should be biased high. This is a consequence of the simplified decay fit, eqn (1), such that some radon progeny components will be modeled as part of the long-lived m 3 TRU estimator. Likewise, if a given filter is described by an effective halflife value greater than 30 min, then the m 3 TRU estimator should be biased low, as parts of the long-lived thoron contribution are folded into the effective radon progeny half-life fit parameter. The relative contributions (amplitudes) of the three components modeled in the KDE may vary widely from one collection of samples to another. The ratio of radon to thoron in nominal air is typically about 10:1 but varies significantly for any one time or location (United Nations Scientific Committee on the Effect of Atomic Radiation, 1982) . Analysis and attribution of the three respective Gaussian curves focused heavily on the center and spread rather the amplitudes in the long-lived TRU content estimator. The thoron contribution interplay with the m 2 parameter of the radon progeny effective half-life cannot be overlooked in this model. It should be noted that, while these three curves may adequately represent the contribution to the long-lived constant activity from these components for this sample set, other contributions may exist and could be investigated by fitting additional parameters.
Given the comparative results for the parameters in Table 2 and displayed in Fig. 6b , interest lies in attributing each curve to a specific variability present in the m 3 parameter estimation in the sampling and counting experiments, namely the radon, thoron, and instrumentation variabilities. In an effort to rightly attribute these curves, attention is focused not on the relative amplitudes as intuition may suggest but also on center and spread statistics (i.e., bias and dispersion). From the physics of the experimental setup along with well-characterized radon and thoron progeny, expectations exist for the relation of the centers and spreads for the three components of interest. In regard to the centers, one would expect the instrumentation to have a center near 0 Bq such that the deviation of the determined parameter would be within the calibration bias of the instrumentation. For the radon, a center hovering near 0 Bq is expected, while the thoron component may be rightly expected to have a center biased above 0 Bq. It is known from the model that the m 3 parameter represents the TRU long-lived activity known to be absent on the filter. Additionally, based on the much shorter counting times considered compared to the thoron progeny characteristic half-life, the thoron progeny will positively bias this TRU activity estimator above 0 Bq. In regard to the spreads, given the generally increasing concentration buildup of thoron progeny on the filter over the sampling times considered, it is expected that the thoron variability would be fairly low and would somewhat scale with the root of the duration of sampling. For radon and its progeny, the known diurnal and meteorological dependencies lead to an expectation of considerably larger spread compared to the thoron curve due to the interplay of multiple isotopes in varying degrees of disequilibria. The instrumentation variability is theorized to have a wide spread based on the range of resultant initial activity as found in the decay model given by eqn (1).
Given the expectations and experimental results for the parameters in Table 2 , curve 1 is attributed to variation in the thoron progeny activity, curve 2 to the radon progeny and curve 3 to the experimental counting system. These curve attributions follow theorized expectations well, as thoron is seen to be positively biased above 0 Bq with the narrowest spread. The instrumentation variabilities are seen to hover near 0 Bq with a broad distribution of values consistent with the overall m 3 estimates. The radon progeny variability is also seen to center indistinguishably from 0 Bq, have higher relative importance (area under the curve) than the instrumentation in terms of activity, and be described by a spread much wider than occurred for thoron as a consequence of meteorological variations.
Often in radiation counting experiments, Poisson statistics are assumed; however, this is not the case in low concentration radioactive air sampling. Particulate air sampling can be dominated by lognormal statistics (Hayes 2017) such that the mode, median and mean are often not clustered near a single value. Additional details regarding lognormal statistics in air sampling can be found in the literature (Hayes 2017; Maiello and Hoover 2011) .
From the methods described in this paper and constrained to the geographic region and seasonal times of analysis, the analyst is given a decision level (0.2 Bq) at which there is 95% confidence that filters below this activity stem from a population distribution with no TRU activity (NORM, primarily from radon and thoron components). The value of 0.2 Bq is determined as the upper bound of the integral of the KDE fit given in eqn (4) to equal 95% of the total integral under the KDE fit. Any filter screened within this seasonal and geographic region providing a long-lived TRU estimator greater than 0.2 Bq should be considered a rapid detection for the presence of TRU activity under these conditions. Application of this method to a different region and time range would require further characterization and evaluation to determine if a similar or other limit should be used. With sufficient evaluation, either using deconvolved KDEs of measured distributions or other analytical techniques, more general regional or temporal limits might become available. Incorporating region of interest trending using eqn (1) could further provide substantial improvement in the method. In principle, application to other scenarios would depend on sampling rates, volumes, and measurement configurations.
Emergency response and nonproliferation implications
One potential scenario to implement this work involves rapid screening following a radiological release. Current radiochemistry methods provide detailed information on the order of days to weeks, while the method reviewed would give preliminary estimates in a matter of hours. Often, these remote radiochemistry laboratories become overwhelmed by the throughput demand of samples from the event; the proposed method would allow gross screening to qualify a proportion of samples falling under the conservative TRU estimator as clean. Correct interpretation of the decision level, 0.2 Bq, provides an activity below which samples can be cleared as indistinguishable from background, reducing overload of radiochemical analysis capabilities by providing more rapid results on-board the mobile lab or truck while returning to the incident command center (en route). This would allow limited radiochemistry resources to be dedicated to the most useful samples taken from the penumbra surrounding the footprint from the fallout of any release.
A rigorous determination of the uncertainty in the estimation parameter is required for quality decisions regarding shelter in place, evacuation, or other action for a given region. Even with large uncertainty, as rapid counting of low concentration airborne measurements is expected to have, the upper bound of the confidence interval may be significantly above or below the evacuation decision limit. With rigorous uncertainty, this provides a proper technical basis for these decisions.
In regard to any other applications, the method described appears to be well-suited for discrimination of radionuclides with grossly different decay constants. In this work, radon progeny is discriminated from thoron progeny, which is modeled as part of the long-lived TRU content. Future work intends to introduce TRU content into the sample counting experiment with radon and thoron progeny present on the filter. The NORM buildup often masks low-level TRU content on a filter if the samples are analyzed shortly after sampling, as is often the case for rapid, planned exercises by various government and emergency response organizations. Evaluation of gross beta counting measurements in methods similar to those used in this study are of interest along with consideration of alphas whose energies fall within the TRU region of interest (3-5.5 MeV). Additional measurements similar in nature to the ones described in the study are being performed to provide comparative measurements for the KDE distribution, conservative TRU activity estimator, and the relative contributions from thoron, radon, and instrumentation variability.
CONCLUSION
Radon and thoron, along with their associated progeny, are known to be severe interferents in low-level air monitoring.
A method for determination of a strictly conservative TRU content estimator for rapid air filter screening was reviewed based on a model previously developed (Hayes and Chiou 2004) . The current study was completed on 46 filters, which were not expected to contain TRU activity such that the decay of radon progeny would lead to a long-lived constant activity of 0 Bq except for contributions from the thoron progeny due to its effective half-life. Each filter's TRU estimate and associated uncertainty was considered as a normalized Gaussian curve from the LM parametric fit and summed into a KDE for the data set as a whole. Three unique Gaussian distributions were deconvolved from the KDE theorized to represent the thoron, radon and instrumentation variabilities in contribution to the long-lived TRU activity estimate. For the seasonal and geographic region considered, a decision limit of 0.2 Bq with 95% confidence is established to clear filters below this activity by rapid screening techniques, allowing for vital and defensible consequence assessment information. Additionally, this screening and clearing of some proportion of filters will reduce the throughput needed from radiochemical and other analytical processing techniques, such that filters with activities above the decision level can be interrogated more quickly. If a lower decision level is desired, the use of alternative methods, including liquid scintillation or radiochemistry for spectral information should be considered, likely resulting in longer count and delay times. Such methods, by design, can be accomplished after the proposed method has been implemented as an initial screening estimate. This transuranic activity estimation method could be implemented by the same procedure and analysis in a different season or geographic location to produce a KDE representative of that time and space for analysis and comparison.
